The standard form of the positron annihilation lifetime spectroscopy results presentation are two plots of o-Ps lifetime and intensity as a function of external factor, e.g. temperature, pressure. Both o-Ps parameters change (stepwise) when in the medium phase transitions occur. For a more complete picture of the structural changes occurring in the matter we suggest to use an additional plot, in the coordinates, (τ3, I3). The hydrocarbons are selected to show the advantages following from the presentation of the results in the intensity-lifetime (INTI) plot.
Introduction
Positron studies of a medium are usually performed as a function of an external factor like temperature and pressure. The analysis of positron lifetime spectra gives us the values of o-Ps lifetime τ o−P s (τ 3 ), and its intensity I o−P s (I 3 ) (fraction of positrons forming o-Ps). The standard presentation of the positron annihilation lifetime spectroscopy (PALS) results is given in the form of two curves, τ 3 and I 3 as functions of external factor. We propose to present the results in the form of a curve in the coordinates (τ 3 , I 3 ), with the changing factor as a parameter (the INTI plot -INtensity, lifeTIme) [1] . This kind of an approach is used sometimes in other positron studies, e.g. in the Doppler broadening spectroscopy [2] [3] [4] [5] [6] , the results can be presented in (S, W ) coordinates, or in AMOC [5, 6] form of presentation in (t, p) coordinates. In the literature one can find the papers that have already attempted to find a correlation between lifetime τ o−P s and intensity I o−P s , presenting the intensity as a function of free volume sizes [7] .
The physicochemical processes taking place during the interaction of positrons and positronium with the matter influence the response produced at the PALS experiments. The spur model [8, 9] describing the Ps formation process assumes that high-energy positrons lose their energy by ionization processes and produce electrons, which can be trapped in the medium. These electrons enrich the reservoir of electrons, which can create the Ps atom with next positrons emitted from the source. Taking into account positron diffusion length and its lifetime in organic (small molecular) and polymer medium, one can conclude that some of the positrons can be localized before annihilation [10] . The studies performed with organic compounds and polymers [11] [12] [13] [14] [15] show that, as a consequence of these processes, the o-Ps intensity changes in time. The theoretical description of the nature of the electron and positron traps observed at low temperatures in the molecular medium, consistent with the experimental data, was proposed by Pietrow [16] . The experiments have shown that the exposure of samples to light eliminates the effects associated with e − and e + trapping [13, 17] . The illumination does probably not affect other post-ionization products. In the liquid sample, the presence of paramagnetic oxygen molecules (dissolved in the sample) leads to the conversion of o-Ps into p-Ps. The conversion effect distorts the response obtained by the PALS technique in liquid samples, but is negligible in low temperature solid phases [18] .
Experimental
The standard fast-slow positron annihilation lifetime spectrometer was used to measure lifetime spectra. The 22 Na positron sources (with an activity from 0.6 to 0.9 MBq) in the Kapton ® envelope were located between two pieces of various samples in solid or liquid form. The statistics of each spectrum was better than 10 6 events. The LT v.9 program [19] was used to process the spectra, assuming three exponential decay components ascribed to: the para-positronium decay (τ 1 ≈ 0.125 ns); the annihilation of free positrons (τ 2 ≈ 0.35 ns) and the ortho-positronium decay (τ 3 > 0.9−3.5 ns). At spectra analysis the constant ratio I o−P s : I p−P s = 3 : 1 was assumed.
The n-alkane samples (form Sigma Aldrich) have the purities better than 99%. Samples placed in the chamber were molten and degassed by freeze-thaw technique (to remove the paramagnetic oxygen molecules from the sample).
A general structural formula of n-alkanes is C n H 2n+2 (where n is the number of carbon atoms in the chain). The crystallographic structure of n-alkanes depends on the n number and is roughly correlated with parity of the hydrocarbon chain. The n-alkanes appear in phases that can be classified as ordered or disordered ( [1] and papers cited therein). The ordered crystalline phases (rigid, III, IV and V) and disordered phases (rotator RI, RII, RII, RIV) differ in the concentration of nonplanar conformers (mainly end-gauche, double-gauche, and kink conformers).
Results and discussion

The typical PALS results in n-alkanes
In hydrocarbons, the change of the PALS spectra parameters as a function of temperature occurs in a characteristic manner, allowing identification of phase and phase transition points. The n-alkanes with even number of carbon atoms n < 22 and odd with n < 9 show the presence of two phases only: rigid and liquid. The n-alkanes with the number n greater than that indicated above, show additional phase/phases (a rigid and/or rotator) before melting. As an example of typical PALS results in n-alkanes, Fig. 1 shows the o-Ps parameters vs. temperature (T ) in n-eicosane (C20). The sample was cooled from the room temperature to 123 K (during 40 min) and left at that temperature for 28 h. The o-Ps lifetime (τ 3 ) is stable at this temperature, but the o-Ps intensity (I 3 ) increases with time (inset (b)) if the sample is not illuminated. We observe the exponential increase of the o-Ps intensity -it reaches saturation after about 20 h. This effect is well known in the n-alkanes [20] [21] [22] , their derivatives [23] and polymers [24, 25] . In the illuminated sample (here by λ = 950 nm) the o-Ps intensity has a low value (≈ 17.5%) and does not change in time.
With an increase of temperature, the o-Ps parameters change. The τ 3 value does not depend on the illumination of the sample and increases with T , abruptly, at the phase transition rigid-liquid point. A similar character of the changes can be observed in I 3 in the illuminated sample. However, if the sample is not illuminated, in rigid phase the additional effects associated with sample irradiation by positrons -the consequence of e − trapping effect is observed. At the temperature indicated by the arrow in Fig. 1 , the I 3 reaches the maximum value (inset (a)), and with the further increase of T we observe a decrease of the o-Ps intensity (thermally induced detrapping effect). Just before the melting point, the I 3 reaches the minimum value (the same as in the illuminated sample). The effect was discussed in [26] .
The INTI plot for n-alkanes
The changes of both PALS parameters (I 3 and τ 3 ) are correlated with the structural changes occurring in the sample with the change of temperature. Figure 2 shows the changes of both o-Ps parameters. The INTI plot allows the precise determination of phase transition points and the study of the nature of structural changes. As one can see from Fig. 1 , the history of the sample and measuring conditions (illumination/darkness) affects the results obtained by the PALS technique. In Fig. 2 , the yellow circles indicate the characteristic points in the illuminated sample, at which the trends of (τ 3 , I 3 ) are changing. Between 123 and 203 K both o-Ps parameters increase, but above 203 K up to the melting point, we observe only the increase of the o-Ps lifetime. The first enhanced in Fig. 2 point (at 203 K) corresponds to the maximum value of o-Ps intensity in non-illuminated sample (see also the inset (a) in Fig. 1 , the point marked by an arrow). In non-illuminated sample, this point separates the ranges of temperature for which an electron trapping and thermally induced emptying of traps effects are observed. It is important to mention that in the plots τ 3 (T ) and I 3 (T ) it is difficult or impossible to determine this point. On the other hand, the presence of changes in the structure of organic media have been observed by other techniques, i.e. crystalline [27, 28] as well as amorphous [29] . Between the last point in rigid phase and the first one in the liquid phase (yellow dots in Figs. 1 and 2 ) the rigid → liquid phase transition occurs, when the n-eicosane crystal structure changes from the ordered triclinic to disordered structure. In this area, the difference between the sample illuminated and nonilluminated disappears. The points locate on the curve are given by the equation
where A, B, and C are 19.22%, 0.033, and 1.97, respectively. The o-Ps lifetime elongation by 1.6 ns corresponds to the o-Ps intensity growth by 14%. Although in the n-eicosane, the rotator phase was not detected, the correlated increase of both o-Ps parameters may correspond to a gradual increase in the concentration of conformers (characteristic for the rotator phase), finally reaching the total structural disorder of molecules in liquid phase. The presence of oxygen molecules in the sample interfere with the measured PALS parameters in the liquid, due to the ortho-para conversion. If the oxygen molecule is dissolved in the sample, the o-Ps lifetime remains constant (lower than in the degassed sample) with the increase of temperature (at range close to the melting point), although the growth of o-Ps intensity will be observed. The oxygen molecules penetrate the sample just at the beginning of the transition to the liquid state [18] . The presence of oxygen does not affect the estimated phase transition temperature, but interferes with the information about the size of the free volume. Fig. 3 . The o-Ps lifetime (τ3) and intensity (I3) as a function of temperature in long-chain, even-numbered n-alkanes: n = 24 (stars), n = 28 (triangles), n = 32 (dots), n = 34 (squares), n = 36 (crosses) and n = 40 (diamonds). Slash marked areas correspond to the rotator phase, horizontally dashed areas -to the high temperature monoclinic phase.
The analysis of PALS results performed for other even-numbered n-alkanes with and without rotator phase/phases shows that all experimental points between ordered rigid phase and disordered liquid phase are arranged at the same curve given by Eq. (1) in the INTI plot. For n-decane (C10), the parameters A, B, and C in Eq. (1) are 18.86%, 0.034, and 1.97, respectively. The line fitted into the INTI plot dependence in liquid C10, extrapolated towards the lower values of the lifetime has the same directional coefficient (9.27) as the one fitted for C20. The analogies and similarities of the o-Ps lifetime as a function of the distance from the melting point in liquid n-alkanes with different chain length had been already discussed [30] .
The PALS parameters (τ 3 and I 3 ) in n-tetracosane (C24) -the representative of even-numbered n-alkane with disordered rotator phase RII -change as it is shown in Fig. 3 . As one can see (Fig. 4) , above the rigid triclinic phase the points are arranged along the curve described by Eq. (1). All the points in the rotator phase (RII) are Fig. 4 . The INTI plot for selected n-alkanes (points are described in Fig. 3) . As a reference, the line and an exponential curve (dashed line) for C10 was added.
localized in the same area of the INTI plot -on the fitted (dashed) curve.
In the long-chain even-numbered paraffins (with 28 ≤ n ≤ 36), the rotator phases (RIII and RIV) exist, while in n-alkanes with n = 34 and 36 also an additional ordered rigid (monoclinic) phase preceding the rotator phase can be observed (dashed areas in Figs. 3 and 4) . In C28 and C32 presented in Fig. 3 the determination of the range of occurring of the rotator phase is possible only on the basis of the o-Ps intensity changes, because the o-Ps lifetimes in the rotator and liquid phases in long-chain n-alkanes with n ≤ 32 are the same (≈ 3.1 ns). In the other nalkanes presented in Fig. 3, C34 and C36, an additional rigid ordered phase exists, and both -the I 3 and the τ 3 -change during the phase transition ordered → disordered phase. In the last alkane presented in Fig. 3 , n-tetracontane (C40), the melting point is preceded by ordered (high-temperature monoclinic MI) phase only, as it is suggested in the literature [31, 32] , and the temperature range of this phase is marked in Fig. 3 by the dashed area.
The results for n-alkanes mentioned above (C28-C40) are shown in the INTI plot (Fig. 4) . The points for o-Ps parameters in the rotator phase (RIII+RIV) are grouped in the region just below the exponential curve, regardless on the length of the hydrocarbon chain. The o-Ps parameters in a rigid ordered phase (monoclinic MI high ordered phase) in n-alkane with n = 34, 36 are arranged exactly along the line defined by the exponential curve. In the n-alkane without the rotator phase, C40, in the rigid pre-melting phase MI, the (τ 3 , I 3 ) points lie below the exponential curve -the increase of o-Ps lifetime is significantly faster than the increase of o-Ps intensity. The rigid ordered phase seems to be the metastable phase preceding the rotator phase. This phase should manifest itself by an increase of the number of end-gauche conformers, while in the rotator phase the increase of concentration of kink type conformers should be observed [33, 34] .
As the presented discussion indicates, in all n-alkanes having a triclinic structure, in the INTI plot the o-Ps parameters behave according to Eq. (1). The points ascribed to triclinic and monoclinic rotator phases (RIII and RIV) are located below the curve defined by Eq. (1).
Similar regular variations of PALS parameters in the INTI plot can be found for n-alkanes with an odd number of carbon atoms, they are summarized in paper [1] . As a consequence of the studies performed for the whole group of n-alkanes, the correlation between the crystalline structure and the position of τ 3 and I 3 points in the INTI graph was found (Fig. 5) [1] . The nature of the changes of the o-Ps parameters on the INTI plot, at the phase transition region, clearly corresponds to the crystal structure of n-alkanes. We want to emphasize that using the (τ 3 , I 3 ) coordinates makes an identification of crystallographical structure of any n-alkane possible just on the basis of the localization of a single experimental point on the INTI plot (Fig. 5 ). In the even-numbered nalkanes with the RI rotator phase the points representing the PALS results are arranged along the line fitted to the liquid phase region and extrapolated to lower I 3 and τ 3 values. In the n-alkanes with RII and RIII or RII+RIV rotator phases the PALS result points are arranged along the curve defined by Eq. (1) or below it. Such a differentiation of the rotator phases, as well as other phases, allows to specify the crystallographic structure based on the results obtained by the annihilation spectroscopy. 
